ppm and 3,000 ppm groups at the end of the experiment.
Spermatogonia were absent and the number of spermatocytes decreased in the 3,000 ppm group rats sacrificed after 11 days' exposure. Sertoli cell vacuolations were marked in two of these three rats.
Bone marrow was hypocellular in the 1,000 ppm group and in all the rats in the 3,000 ppm group. These results clearly showed that 2-bromopropane had a testicular and hematopoietic toxicity in male rats.
(J Occup Health 1997; 39: 57-63)
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The production of chlorofluorocarbons (CFCs) is now going to be drastically diminished all over the world, because these chemicals have a great potential to destroy the ozone layer and to warm the earth's environment. This countermeasure to CFCs has, on the other hand, resulted in the introduction of various alternatives into the workplace. In July, 1995 unexpected health disorders were discovered in Korean workers exposed to solvents containing 2bromopropane (CAS No. 75-26-3) in an electronic machine components factory. An epidemiological survey 1) conducted by the Korea Industrial Safety Corporation in August of that year, disclosed that (1) amenorrhea occurred in 17 (68%) of 25 females and oligozoospermia in six (75%) of eight males, accompanied by anemia in six females and one male; (2) amenorrhea appeared shortly after the introduction of 2-bromopropane as a substitute for 1,1,2-trichloro-1,2,2-trifluoroethane, one of the CFCs, and (3) these health disorders were not found among reference workers. The above evidence suggested that 2-bromopropane might be the causative agent. 2-Bromopropane is an existing chemical used as an intermediate in the production of various chemicals. The toxicity of 2-bromopropane, however, has not been reported except in the acute toxicity test2), and its threshold limit value has not been proposed by the Korean Government, the Japan Society for Occupational Health or the American Conference of Governmental Industrial Hygienists Inc. (ACGIH).
The aim of this study is to determine experimentally the testicular and hematopoietic toxicity of 2bromopropane.
We examined the effects of 2bromopropane on the weights and morphology of organs, the sperm parameters and hematological indices in male rats. Some of the data have already . been reported in a rapid communication3) Materials and Methods 2 -Bromopropane (99.4% purity) was kindly supplied by Tosoh Co., Japan. Thirty-six Wistar male rats (specific pathogen-free, 9 weeks) were purchased from SLC (Shizuoka Laboratory Animal Center, Japan).
The animals were housed and adapted to the circumstances for 4 weeks and divided into four groups of nine rats each. The environment was kept on a 12 hr light-dark cycle (lights on at 9:00 and off at 21: 00), and maintained at 22-25°C and 57-60% relative humidity. Three groups were then exposed to 300, 1,000 or 3,000 ppm 2bromopropane, respectively, in stainless steel chambers (80 X 80 X 58 cm). The maxium concentration of 3,000 ppm was set to be less than the reported LC50 36,000 mg/m3 (7,159 ppm)2' or 31,171 ppm, 4 hr 4). The common ratio was put at about 3. The control group was given only fresh air in a similar chamber. The inhalation exposure was performed eight hours a day, 7 days per week. The 300 ppm and 1,000 ppm groups were exposed for 9 weeks. After 9-11 days' exposure, all the rats in the 3,000 ppm group became seriously ill, then their exposure at 3,000 ppm was discontinued. Three in the 3,000 ppm group were sacrificed and the testes and femur were dissected from them 16-17 hr after the cessation of 11 days' exposure. The other six rats in the 3,000 ppm group were exposed to fresh air until the end of the experiment. Food and water were provided ad libitum. The inhalation exposure system was described elsewhere in details' 6) . The regulated volume of solvents was evaporated and mixed with a larger volume of clean air to achieve the desired concentration.
The vapor concentrations in the chamber were measured by gas chromatography and controlled to within +5% of the target concentration by means of a personal computer, but the inhalation system was modified for the present experiment in the following three ways : To prevent hydrolysis of 2-bromopropane into isopropyl alcohol and hydrogen bromide, (1) 2-bromopropane was evaporated at room temperature without heating, and (2) compressed air which evaporated 2bromopropane was dried with an electronic air dryer (EAD-70, Yaezaki Kuatsu Co., Ltd.). Hydrogen bromide was not detected in a chamber with a detector tube (detection limit, 0.05 ppm). To prevent the reaction of 2-bromopropane with aluminium, (3) the aluminium evaporator was replaced with one made of stainless steel.
The testes, epididymides, prostate, seminal vesicle, femur, liver and kidneys were dissected out from the remaining six rats in the 3,000 ppm group and the rats in the other groups at the end of the experiment. The rats were weighed and anesthetized with sodium pentobarbital (50 mg/kg). They were exsanguinated and the blood was collected with a syringe by aortic puncture.
The dissected organs were weighed, and the left testis and epididymis were fixed in Bouin's solution and the prostate, seminal vesicle, femur, liver and kidneys were fixed in 10% neutral buffered formalin for histopathological studies.
The femur was decalcified after the fixation. The specimens were processed and embedded in paraffin. Tissue sections of testis and epididymis were stained with periodic acid-Schiff s reagent (PAS) and those of other organs with hematoxylin and eosin (H-E).
Sperm were collected as quickly as possible after the rat was killed. Sperm suspensions were prepared by mincing the right cauda epididymidis in 2.5 ml of Hank's solution kept at 37°C, pipetting the suspension and filtering it through gauze. A fraction of the suspension was diluted with Hank's solution kept at 37°C. Active sperm per hundred sperm were counted with an erythrocytometer (Neubauer type) under a light microscope. Another fraction of the sperm suspension was diluted with saline containing 0.5% formalin for determination of the sperm count. Sperm shape was examined according to the method of Wyrobek and Bruce (1975)') and Eyden and Maisin (1978)8).
The following hematologic parameters were determined : erythrocyte counts, hemoglobin concentration, hematocrit, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), total leucocyte count and platelet count (with an F-800 Toa Microcell Counter, Toa Medical Electronics).
Statistical comparisons of the exposed groups with the control were performed by analysis of variance (ANOVA) followed by Dunnett's multiple comparison method.
The numbers of abnormal sperm in the 300 ppm and control groups were compared by Student's t-test, because the number of abnormal sperm could not be estimated in the 1,000 ppm and 3,000 ppm groups. Table 1 . Body weight and organ weights in rats exposed to 2-bromopropane at the end of the experiment The exposure in the 3,000 ppm group was discontinued after 9-11 days' exposure. Six rats in the 3,000 ppm group were then given only fresh air until the end of the experiment. The weights of epididymides, testes and kidneys are expressed as the sum of right and left organs. Values are the means--standard deviations for each group. Asterisks indicate that the value was significantly different from the control (*p<0.05, **p<0.01, Dunnetts' multiple comparison). The exposure in the 3,000 ppm group was discontinued after 9 -11 days' exposure . Three rats in the 3,000 ppm group were killed 16-17 hr after cessation of exposure and the six surviving rats were given only fresh air until the end of the experiment.
Results
The mean and standard deviations of daily exposure concentrations of 2-bromopropane were 302± 17 ppm, 1,035±35 ppm, and 2,964±165 ppm (mean±SD), respectively. Body weight gain was suppressed in a dose-dependent manner by 2bromopropane exposure (Fig. 1 ).
Mean body weight in the 3,000 ppm group fell throughout the exposure period, but it recovered after the exposure ended. It became comparable to that in the 300 ppm group or the control at the end of the experiment ( Fig. 1 and Table 1) .
At 300 ppm and over, absolute weights of testes, epididymides, prostate and seminal vesicle decreased in comparison with the control (Table 1 ). Because body weight was significantly lower in the 300 and 1,000 ppm groups than in the control, the relative weights of organs to body weight are shown in Table 1 . 2-Bromopropane reduced the relative weights of the genital organs, but not those of liver and kidneys.
Exposure of the six surviving rats in the 3,000 ppm group was discontinued after 9-10 days' exposure. This short-term exposure resulted in a weight loss in the testes comparable to or more than that at 1,000 ppm for 9 weeks' exposure, but decreased to a lesser extent the weight of the prostate and seminal vesicle.
The sperm count and percentage of motile sperm decreased and the percentage of tailless sperm in-creased dose-dependently ( Table 2) . Exposure of 2bromopropane at 1,000 ppm for 9 weeks and 3,000 ppm for 9-10 days resulted in complete loss of motile sperm and overwhelming predominance of tailless sperm at the end of the experiment. The frequency of abnormal sperm could not be assessed in the 1,000 and 3,000 ppm groups, because very few intact sperm were detected in these groups. Table 2 .
The sperm count and the percentage of motile sperm, tailless sperm and abnormal sperm in the rats exposed to
2-bromopropane
Values are the means ± standard deviations for each group Asterisks indicate that the value was significantly different from the control (*p<005, **p< 0 01, Dunnetts' multiple comparison for sperm count, motile sperm and tailless sperm and Students' t-test for abnormal sperm, hook up head, reflexed head, angular head and recurvant flagellum) a The frequency of abnormal sperm could not be assessed in the 1,000 and 3,000 ppm groups, because very few intact sperm were detected in these groups The percentage of abnormal sperm with hook up head and reflexed head was significantly larger in the 300 ppm group than in the control.
In the 300 ppm group, seminiferous tubules were moderately atrophied and all types of germ cells decreased to about a half of the control (Fig. 2B) . In the 1,000 ppm group and the six surviving rats in the 3,000 ppm group, germ cells were completely lost and seminiferous tubules severely atrophied (Figs. 2C and 2D) . On the other hand, Sertoli cells still remained in these exposed rats (Figs. 2B, 2C  and 2 D) .
Leydig's interstitial cells were hyperplastic to a slight extent in the 300 ppm group and to a moderate extent in the 1,000 ppm group and the six surviving rats in the 3,000 ppm group (Figs. 2C and 2D) .
In three rats in the 3,000 ppm group sacrificed after 11 days' exposure, spermatogonia was absent and the number of spermatocytes decreased (Fig.  3) . In two of the three rats, some seminiferous epithelial cells (probably spermatocytes) had pyknotic nuclei. Sertoli cell vacuolation was much more marked in these two rats than in the rats in all exposed groups sacrificed at the end of the experiment. Multinucleate giant cell-like structures were found in the 300 ppm group.
The number of sperm decreased in the epididymal duct in all the exposed groups. Prostate and seminal vesicles showed only slight atrophic change in the exposed groups. No abnormal findings were observed in the liver or kidney in any exposed groups.
Exposure to 2-bromopropane decreased erythrocytes, hemoglobin, hematocrit, platelets and leucocytes (Table 3 ). These indices decreased to a lesser degree in the six surviving rats exposed to 3,000 ppm for 9-10 days than in the 1,000 ppm group (Table 3 ). In the 300 ppm group, erythrocytes and platelets significantly decreased in comparison with the control, but leucocytes, hematocrit and hemo-globin did not ( Table 3 ). The anemia was classified as macrocytic.
Histopathological examination showed hypocellular and fatty bone marrow in the 1,000 ppm and 3,000 ppm groups at the end of the experiment and in the three rats in the 3,000 ppm group which were sacrificed after 11 days' exposure. Photomicrogram of testes in 3,000 ppm group sacrificed 16-17 hours after 11 days' exposure. Spermatogonia were not found and Sertoli cells were vacuolated. Some seminiferous epithelial cells (probably spermatocytes) had pyknotic nuclei. Periodic acid-Schiff (PAS). Scale bar indicates 100 ,um. On the other hand, liver and kidneys showed little change in their weights and no pathological findings. These results show that the adverse effects of 2-bromopropane on the reproductive system and hematopoiesis may be organspecific. Cessation of exposure at 3,000 ppm, which was not planned beforehand, resulted in demonstrating the effects of 2-bromopropane 53-54 days after the short term exposure. In the six surviving rats in the 3,000 ppm group, the hematological indices seemed to recover to a moderate degree, whereas testicular and epididymal weights, sperm indices and the cellularity of testicular germ cells still remained almost equal to or a little less than those in the 1,000 ppm group.
These results suggest that hematopoiesis may be less vulnerable to 2bromopropane or more reversible than spermatogenesis. The results may coincide with the Korean report that showed some cases of oligozoospermia without anemia but no cases of anemia without oligozoospermia' ).
The absence of germ cells with remaining Sertoli cells in the 1,000 ppm group and the surviving rats in the 3,000 ppm group is called the Sertoli cell-only syndrome. 2-Bromopropane may have a selective toxic effect on the spermatogonia, as demonstrated in the rats sacrificed shortly after cessation of 3,000 ppm exposure.
The specific toxic effect of 2bromopropane on spermatogonia and hematopoietic cells suggests that differentiation and frequent dividing of cells could be involved with the toxicity.
Sertoli cell vacuolations may be an early change accompanying progressive degeneration and exfoliation of germ cells, because this change was much more noticeable in the rats in 3,000 ppm group sacrificed after 11 days' exposure than in the six surviving rats in the 3,000 ppm group at the end of the experiment. The Sertoli cell vacuolations were also reported as an early change following the administration of other agents to rats9- 15) Hyperplasia of Leydig cell is generally observed as a compensatory reaction to disruption of seminiferous epithelium.
In the Korean case, it was reported that the workers could be exposed to 2-bromopropane at more than 4,000 ppm as short-term exposure'). Ambient concentrations of 2-bromopropane were detected from 9.2 ppm to 19.6 ppm in the workplace during regular operation after improvement of ventilation. The real exposure concentrations were not evaluated in the field survey, but 300 ppm to 3,000 ppm exposure could have been possible in the Korean workplace judging from the above data. Absorption through the skin may also be responsi-ble for the uptake of 2-bromopropane into workers'), but this was not investigated in the present study.
Clinical information concerning the toxicity of 2bromopropane has been lacking thus far. The reason for this may be that this chemical has been mainly used in a closed system, wherein it was almost always an intermediate in the production of other chemicals, and therefore workers were not exposed to large dose of 2-bromopropane to produce its specific toxicity.
2-Bromopropane came to be used as a substitute for chlorofluorocarbone, since this chemical is nonflammable and volatile like chlorofluorocarbons and is easily broken down in the environment and is less destructive to the ozone layer.
As a large amount of 2-bromopropane is used now and in the future the amount used in industry may rapidly increase, urgent measures must be taken to minimize 2-bromopropane exposure in workplaces.
It should also be noted that numerous kinds of harmful new or existing chemicals can be introduced into workplaces with the progress of technology 16) or by social regulation of chemical production, even if intended to protect the earth's environment or workers' health.
In conclusion, 2-bromopropane was revealed to have a testicular and hematopoietic toxicity in male rats.
The oligozoospermia and anemia in human cases were experimentally confirmed in rats.
